The static characterization of the output section of the Arbitrary Waveform Generator (AWG) requires that its output signal must be digitalized by Analog to Digital Converter (ADC) with higher linearity and resolution than the device under test. In the literature, the problem of high resolution acquisition is translated to the simpler problem of low resolution and high sampling frequency acquisition of the resulting signal, difference between the AWG output signal and the sinusoidal reference signal, available at the output of differential amplifier.
Introduction
The output section of the AWG is made up of the cascade of high resolution Digital to Analog Converter (DAC) and reconstruction analog filter. The output characteristic of the AWG is that of the cascade of the DAC and the reconstruction filter. The test requires that the AWG output signal is acquired by higher resolution and linearity than the device under test [1] .
Among the methods proposed in the literature for the AWG and more in general DAC test [1] - [11] , the methods [9] , [10] are related to the built-in test implementation. In [11] the scheme of sigma delta modulator is used to detect the non linearity. In [1] , [3] the reference signal is obtained by filtering the same input signal and its accuracy is related to the narrow band of the filter and the compensation of the delay introduced by the filter. In [6] the maximum likelihood estimation is used on the signal with superimposed dither noise. In [4] is considered the dynamic parameters estimation and not the static. In general, these methods are characterized by difficult practical implementation due to the additional instrumentation required by the test. However, the method proposed in [2] translates the high resolution requirement to the simpler requirement of high sampling rate. This test method has the advantage of overcoming the difficulty of operating with acquisition systems characterized by both higher resolution and linearity than the AWG under test. The AWG output signal is reconstructed by detecting the Zero Crossing Time Sequence (ZCTS) in the resulting signal, obtained at the output of differential amplifier as the difference between the output signal of the AWG and the sinusoidal reference signal. The accuracy of the reconstructed signal is closely determined by the estimation accuracy of both the reference signal parameters and the ZCTS.
The research given is devoted to improve accuracy in the evaluation of the AWG output with respect to [2] . Interest is focused on the problems arising from (i) the delay introduced by the differential amplifier, and (ii) the jitter and other noise sources affecting the detection of the ZCTS. The differential amplifier introduces a propagation delay between input and output in the order of hundreds of ns [12] , [13] according to the hardware characteristics. Therefore, the resulting signal and the reference signal are not synchronized at the output. They are affected by a time offset that reduces the reconstruction accuracy of the AWG output. Moreover, the noise superimposed on the resulting signal introduces fluctuation in the neighbour of the zero code making the ZCTS estimation inaccurate.
In order to overcome these problems an improved method is proposed in the paper that uses only the resulting signal, and consequently one input channel of the acquisition system, avoiding the effects arising from the delay between the resulting and the reference signal. In particular, the parameters of the reference signal are estimated by the modified version of the multi-sine fitting algorithm [14] - [18] applied to the resulting signal.
Moreover, the improved ZCTS method, with respect to that used in [2] , is pointed out. This method uses the linear regression function of the samples in the neighbour of the sign change to detect the zero crossing, so as the fluctuation due to the jitter and noise sources are negligible.
The paper is organized as follows: preliminarily, the basis of the static AWG characterization by sinusoidal reference signal is described and the modified multi-sine fitting algorithm is presented; successively, the improved ZCTS method is described and compared with other method presented in [2] ; numerical tests are discussed to assess the improvements of the method for AWG 
where In [2] the resulting signal and the reference one are acquired by two channels, one connected to the AWG output and the other to the differential amplified output. However, the hardware implementing the difference between the reference and AWG signal introduces propagation delay. Then the reference and the resulting signals are not synchronized at the input of the acquisition board, consequently, the reconstruction accuracy of the AWG output signal would be decreased.
To overcome this problem, the processing method [2] is improved according to the block scheme of Fig.2 . The resulting signal is processed by the multi-sine fitting algorithm (MSFA) to evaluate the parameters of the reference signal, with accuracy comparable with the method based on Fourier transform [19] and without the problems arising from the spectral leakage in noncoherent sampled signal. Moreover, the zero-crossing detection algorithm modified to operate on low amplitude resolution signal evaluates the ZCTS. The reconstructed AWG output signal y' AWG is processed to estimate the transfer characteristic and the nonlinearity of the AWG. 
Modified Multi-sine fitting algorithm
By considering M samples of y RS with sampling period Tc, it is:
The signal (1) can be re-written as:
where the vector x is:
where A IAWG , A QAWG are the in-phase and in-quadrature components of the AWG signal, A IREF , A QREF the in-phase and in-quadrature components of the reference signal, and the matrix D is:
f AWG is the frequency set in the AWG for the generation of sinusoidal signal. The multi-sine signal parameters x , which minimize the least square error between the acquired samples (2) and the reconstructed ones, can be estimated as the solution of the overdetermined linear system [20] :
From !"#$ , !"#$, extracted by of (6), the amplitude !"# and phase !"# of the reference signal are:
Improved ZCTS
The problem of zero-crossing detection is interesting topic addressed in the literature [21] - [25] . However, most of the methods require the signal to be acquired by high resolution ADC. In the case under examination, the signal is oversampled, corrupted by noise and acquired by low resolution ADC. Most of the methods fail because there are more samples equal to zero in the neighbour of the awaited zero crossing. The noise causes fluctuation around the zero crossing of the signal in unpredictable way. To overcome this difficulty, the new method is proposed based on the block scheme of Fig.3 . The method analyses the samples inside a sliding window of constant size, which is shifted on the signal. The size of the The method takes into consideration that in ZCTS is:
From (8) y AWG is evaluated as:
The N samples of the ZCTS are non-uniformly distributed in the time domain. By the way, if the reference signal has amplitude higher than that of the AWG output, each semi-period of the reference signal forces a zero crossing. Therefore, for the successive analysis of the reconstructed signal, it is imposed that the frequency of the reference signal must be at least 100 times higher than the AWG signal, and that the ratio between f AWG and f REF is not an integer. In this way, the ZCTS of the resulting signal are related to different codes of the AWG in each period of y AWG [26] . The same shrewdness is used in setting the ratio between the f REF and the ADC sampling frequency. In this way, each acquired sample corresponds to a different phase of the reference signal and the multi-sine fitting algorithm has more information to operate the estimation of the parameters of this signal.
AWG transfer characteristic reconstruction
In [2] is shown how to estimate the input code from the reconstructed output signal of the AWG without any a-priori information. The multi-sine fitting algorithm is used to estimate amplitude, frequency and phase parameters of the reconstructed signal. This information is used to infer the theoretical codes corresponding to the reference signal in the ZCTS t i , i=1,…,N. The reconstructed AWG samples are associated with their theoretical codes. In the case more samples are acquired for the same code, the mean value is considered. The result defines the static characteristic of the AWG.
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Numerical Tests
Numerical tests are developed in MatLab environment in order to validate the proposed methods. Preliminarily, numerical tests are devoted to establishing the influences of the digitalization system parameters on the multi-sine fitting algorithm and on the proposed zero-crossing method. In the following, all the tests refer to: (i) reference signal with amplitude 1.0 V and frequency 7 kHz, (ii) AWG set to generate sinusoid signal with amplitude 0.1 V and frequency 17 Hz, and (iii) resulting signal digitalized at the sampling frequency of 1 MHz. The ratio between the reference and the resulting signal amplitude is 10 and the ratio between the reference and the resulting signal frequency is 411.7, according with the criteria of the previous section. 
Multi-sine fitting
Numerical tests are developed to determine the minimum number of bits of the ADC suitable for the multi-sine fitting algorithm. For each imposed number of bit, 200 tests are repeated with random phase of the reference and AWG signals. White Gaussian noise is also superimposed on the resulting signal before its acquisition with the ADC. The signal-to-noise ratio imposed is equal to 65 dB. Fig.5 shows the trend of the mean value and standard deviation of the error in the amplitude estimation of the reference signal versus the number of bits. The mean value of the error decreases with the increasing of the number of bits. For a number of bits higher than 7 the mean value error is quite constant and is lower than 0.21 10 -6 V, and the standard deviation is 1. 23 10 -5 V. Fig.6 shows the trend of the mean value and standard deviation of the error in the phase estimation of the reference signal versus the number of bits. Also in this case the mean value and the standard deviation of the error decreases with the increasing of the number of bits. The mean value is lower than 0. 3 10 -5 rad and the standard deviation is lower than 1.5 10 -5 rad for a number of bits equal or greater than 7. Fig.7 shows the trend of the error in the phase estimation of the reference signal in the case a delay occurs between the reference signal directly acquired and that acquired after the differential amplifier. The delay taken into examination is included in the range [10, 250] ns, that is typical delay introduced by hardware [12] , [13] . The error is included in the range [4.4*10 -4 , 110.0*10 -4 ] rad and it is at least ten times higher than the error introduced by the multi-sine fitting algorithm. 
Zero-crossing method
The estimation error of the zero crossing time instant causes the amplitude error of the reconstructed AWG output signal. Preliminary tests are devoted to determine the minimum number of bit of the ADC that permits accurate estimation of the zero crossing. The difference of two sinusoidal signals with amplitudes 1.0 V and 0.1 V and different phase and frequency is taken into consideration. The phase of each signal is randomly generated. Fig. 8 shows the mean value and the standard deviation of the error of the zero-crossing time instant versus the number of bits. The maximum error is lower than 1. 4 10 -7 s that is lower than the sampling period used in the tests. The performances of the improved method are compared with that of the zero-crossing detection method used in [2] . The latter detects the first sign change in the samples as zero crossing. Fig. 9 shows the mean value and the standard deviation of the error of the zero-crossing time instant versus the number of bits. The error is always positive and the mean value versus the number of bits is in the neighbour of 0.5 10 -6 s, which is half of the sampling period, but it is ten times greater than the error of the improved method (Fig. 8) . For the sake of completeness, the comparison with other zerocrossing method is considered. In [23] is proposed a zero-crossing detection method based on algebraic derivative approach in the frequency domain that provides a detector signal which is equal to zero when the signal has no intersection with real axis and has a peak when a zero crossing occurs. Fig.10 shows the mean value and the standard deviation of the error of the zero-crossing time instant versus the number of bits in the case of method [23] . The Phase error [rad] mean value and the standard deviation of the error are compatible with the sampling period, but, also in this case, it is ten times greater than the error of the proposed improved method. 
AWG static characterization
The transfer characteristic of the 12-bit resolution Tektronix AWG2021 [5] is simulated by a 5 th order polynomial function. 10 acquisitions of 4 MSamples of the resulting signal obtained by the proposed method are considered and analysed. The mean value of the results of each acquisition is considered for the evaluation of each code. In the tests, the typical parameters of low resolution digitalizing system, as 8 bit oscilloscope, is taken into consideration. In particular, effective 6 bit amplitude resolution [27] is assumed and SNR equal to 65 dB. Fig. 11 shows the estimated non-linearity of the transfer characteristic of the AWG under test. Fig.12 shows the difference between the estimated characteristic and the imposed one. The error is included in the range [-0.4, 0.4] LSB of the AWG under test and is due to the noise superimposed on the signal. Tests are devoted to investigating the influence of the propagation delay between the reference signal and the resulting signal. A delay of 50 ns, 150 ns, and 250 ns is imposed. The reconstruction error of the AWG transfer characteristic is shown in Fig 13. The error increases as the delay increases. In particular, for a delay of 250 ns the reconstruction error is higher than 5 LSB of the AWG under test for the central codes. 
Experimental tests
The experimental tests are performed by considering the AWG Sony/Tektronix 2021 as device under test. The reference signal is generated by Tektronix AFG3022C whose output section is equipped with 14-bit DAC and Bessel cut-off filter. The differential amplifier Tektronix ADA400 is used to obtain the resulting signal that is digitalized by oscilloscope Tektronix TDS7404B characterized by 8-bit resolution. The non-linearity trend of the AWG2021 is evaluated by generating the saw-tooth signal with the amplitude 0.1 V and frequency 17 Hz. The output signal is digitalized by the data acquisition board National Instrument NI6211, characterized by with 16-bit resolution. The nonlinearity is evaluated as the difference between the acquired samples related to the ramp and the theoretical ramp that best fits the samples. The trend of the resulting nonlinearity is shown in Fig. 14. Fig. 15 shows the static characteristic of the AWG2021 evaluated by the proposed method. The comparison between Fig  14 and Fig. 15 highlights that the shape and the amplitude of the non-linearity is the same. 
Conclusions
In the paper an improved method for the accurate static characterization of the AWG is proposed. The method is based on the analysis of the resulting signal obtained as the difference between the AWG output and the reference signal. It overcomes the problems arising from the delay introduced by the differential amplifier implementing the difference between the two signals, and the jitter and other noise sources affecting the detection of the ZCTS.
The results of the test show that the mean value and the standard deviation of the error for the estimation of the reference signal parameters decrease with the increasing of the amplitude resolution of the acquisition system. With resolution higher than 6-bit the mean value and the standard deviation of the errors are approximately constant. The non linearity of the AWG is estimated with error included in the range [-0.4, 0.4] LSB of 12 bit DAC of the output section of the AWG, in the case the resulting signal is digitalized by 6 bit ADC.
The comparison of the experimental results obtained by the proposed procedure and by the direct acquisition of the AWG output signal by a 16 bit resolution ADC show that the shape and the amplitude of the estimated non linearity are the same. 
